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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THE EFFECTS OF .OSCILLATION AMPLITUDE AND FREQUENCY ON THE
EXPERIMENTAL DAMPING IN PITCH OF A TRIANGULAR
WING HAVING AN ASPECT RATIO OF 4

By Benjamin H. Beam
SUMMARY

The results are presented of & wind-tunnel investigation of the
damping in pitch of a model triangular wing having an aspect ratio of 4
combined with a slender pointed body. The investigation was conducted
at Mach numbers from 0.10 to 0.95 for Reynolds numbers of 550,000
and 1,250,000 with additionsl data obtained at Reynolds numbers
of 3,000,000 and 6,000,000 at & Mach number of 0.23. Reduced oscllla-
tion frequenc1es ranged from 0.031 to 0.069 at high Mach numbers and
from 0.11 to 0.28 at low Mach numbers. Data were obtained for angles
of attack from 0° to 190 and for steady-state oscillation amplitudes
from 1° to 4° using a feedback-controlled, forced-oscillation technique
described herein.

The results show a large effect of Reynolds number for certain test
conditions and a region of dynemic instability at high subsonic Mach num-
bers. Effects of oscillation amplitude and frequency were found to be
of secondary importance except at high subsonic Mach numbers. The results
of this investigation are shown to agree with values of the damping-in-
pitech coefficient measured by the free-oscillation technique for similar
test conditions.

INTRODUCTION

Increasing attention 1is being directed to the dynamic character-
isties of aircraft. One reason for this is that present-day high flight
speeds require correspondingly faster and more precise aircraft control
vhich may be considerably affected by the dynamics of the aircraft. In —
addition, the trend toward high flight altitudes and taillessg aircraft
configurations has resulted in decreased odynamic damping. The need
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for adequate information on aerodynamic damping is'particularly acute in I -~
the transonic Mach number range. i

The damping of the short-period longitudinal oscillations of an o
aircraft is to a large degree dependent upon the damping of single-degree~
of-freedom pitching oscillations about the aircraft center of gravity.
Experimental results have been presented in reference 1 for several tri-
angular wing configurations in which the damping waes obtained from meas-
urements of the logarlithmic decrement of single-degree-of-freedom pitching
oscillations in & wind tunnel. Following this investigation ahd its _
evidence of dynemic instebility at transonic Mach numbers, a device was
built for measuring the damping in pitch of wind-tunnel models by a
single~degree-of-freedom forced-oscillation technique. This equipment
could be used to measure demping under unstable aerodynemic conditions . :
and also permitted. the systematic investigation of the effects of fre- . L .
quency and amplitude. : o —

The purpose of this report is to present data showing the effects -
on the damping 1n pitch caused by variations in Mach number, Reynolds
number, angle of attack, frequency, oscillation amplitude, and longitu-~ -
dinal position of the pitching axis as measured with the forced- . . S
oscillation epparatus. A comparison with damping-in-pitch coefficlents _
determined by the free-oscillation technigue (reference 1) is also pre-
sented,

SYMBOLS - : T

Lo dnend jeientd [ - I __
Cmq+Cm& wind-tunnel damping-in-pitch coefflcren <. pV862

1For linear operation Cmq and Cps correspon@_to the theoretically _ L
derived coefficients: : :

Cy <: Cm ‘>
o () ome (2
q qQE/2v g-> o at/2V /s 5 o

where o d ST R = _
Cm piltching-moment coeffilcient referred to the pitching axis ) -
pitching moment -
( 5 oV ) | L | .
q angular pitching velocity, radians per second -
a time rate of change of angle of attack, radians per second M
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real part of feedback loop-transfer function, foot-pounds-seconds .

imaginary part of feedback loop-transfer function, foot-pounds-
seconds

mass moment of inertia of model, slug-feet squared
derivative with respect to £ of the Bessel function of the

first kind of order n and argument ¢

free-gtream Mach number <§>

wind-tunnel test-section radius, feet

Reynolds number ( E%p-

model wing area, aguare feet

instantaneous value of feedback torque, foot-pounds
free-stream airspeed, feet per second

free-stream gpeed of sound, feet per second

wing span, feet

wing mean aerodynamic chord < -g— fo b/2 c26y> , feet

local wing chord, feet
base of natural logarithms
ogcillation freguency, cycles per second

JoI

restoring moment per unit angular deflection, foot-pounds per
radian

time, seconds

chordwise distance from the leading edge of the mean aerodynamic
chord to the pitching axis, feet
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ha spanwlese distance from plane of symmetry, feet '

{090 static angle of attack of wing chord line, degrees

e ingtantaneous angular deflection of the model from its static
prosition, radians

Emax meximum angular deflection of the model from its static position,
raedians except where noted

é;' de de

dt at®

A absolute viscosity of ailr, slugs per foot-second

K aerodynamic damping moment per time rate of change of angular
deflection, foot-pounds-seconds '

1%} mechanical damping moment per time rate of change of angular
deflection, foot-pounds-seconds

o] mass density of alr, slugs per cubic foot

(A angular frequency of pitching oscillation (2ﬁf), radians per

second

DESCRIPTION OF TEST EQUIPMENT

Oscillisator L

A schematic sketch of the oscillator is shown in figuré l. BEssen-
tially it is a feedback oscillator loop which is composed of electrical
and mechanical elements. The output of the oscillator is demping torgue
of either positive or negative sign about the pitching axis of the model.
When the model is oscillating at a steady-state amplitude, the damping
torque supplied by the oscillator is of equal magnitude and opposite sign
to the damping torque supplied by the aerodynamic and mechanical-
hysteresis effects.

The model and its crossed-flexure-pivot support form a single-
degree-of~freedom oscillatory system which serves as the tuning element
of the oscillator. A change of natural frequency is accomplished by
changing the dimensions of the flexure pivots. Any angular motion of
the model is transmitted through the push rod to the velocity pickup.
The signsl from the velocity pickup is then amplified in the feedback

ST

L



NACA RM A52GOT ‘ 5

loop and used to drive the mechanical system by mesns of the electro-
magnetic shaker. The phase relation of the feedback force to the model
oscillation is such as to either increase or decrease the oscillation
amplitude depending on whether the feedback 1s positive or negative.

It is seen that for positive feedback with sufficient gain, oscil-
lations will build up from rest even though the model is positively
damped aerodynamically. For negative feedback with sufficient gain,
osclllations can be made to die out even though the model is aerodynam-
ically unstable. To stabilize the steady-state amplitude at a desired
level a thermister was used.® A thermister is a resistance element which
has the important nonlinear property that although its resistance changes
with temperature, or the root-mean-square value of the current through
it, its resistance is practicelly constant over one cycle and thus the
wave form of the oscillation 1s undistorted.

The msthematical relations that apply for the model and the oscil-
lator can be developed from the equation of motion for a single-degree-
of-freedom oscillation (reference 3)

16 + (ptpq) 6+ k0 =T (1)

For steady-state sinusoldal oscillations 6 = Bpgx el¥t and the left

side of equation (1) reduces to

-InZ 6 + 1w (pHug) 6 + k6

The right side of equation (1) represents the torque fed back into the
oscillation. For most efficient operation T should be exactly in phase
or 180° out of phase with €, but this is not a necessary condition. In
general, T is related to § by the transfer function of the entire feed-
back loop and is a complex gquentity. Since the transfer function is not
affected by variations of instantaneous amplitude at any given frequency
and feedback gain, it can be reduced toc the form

T = (Ap+183) 6 = 1w (Ap+iAs) ©
Equation (1) can then be written

[k-02T+wA1] 6 + iw [pHi,-Ar] 6 = O (2)

2For a short discussion and bibllography on this subject see reference 2.
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In equation (2) both the real and imaginary parts must equal zero. The
real part determines the freguency of oscillation

LA A1® &k
+ -
w=+37 B2t T (3)

In the present case, a comparison of the open-loop oscillation frequency
with the closed-loop oseillation frequency revesled that the terms in
equation (3) containing A4y were negliigible compared with ,/k/I

8o the frequency of oscillation becomes simply

k . :
W = —I- ()"')

The imaginary part of equation (2), which represents the sum of the
deamping moments, can be rearranged into the form

(wHiy) & = Ap - (5)

The term on the right in equation (5) represents the component of feed- D
back torque which is in phase with 6. TFor ahy perticular fregquency it

is proportional to the feedback-gpignsl current flowing in the armature

circult of the shaker under constant field excitation. From equation (5)

_ (a:6)
=78

= K1 ' - (6)

and by definition

Cng + Cmg, = = — (7)

pVsE3.

Equations (6) and (7) were used to determine the damping-in-pitch coef-
ficients in this report. The term Ar was actually never evaluated
since the product Apn@ could be obtained directly from the shaker arma-
ture current and a calibration of the damping-torque-current ratio for
the range of test frequencies. The oscillation velocity, é, was obtained
from the voltage output of the velocity pickup and a calibration of the
voltage~velocity ratlio. For both calibration and test purposes, the
frequency of oscillation was determined by synchronizing a calibrated,
variable~frequency oscillator with the output of the mechanical oscil-
lator. The mechanical damping term, p,, was obtained from s wind-off
calibration.for which  p becomes zero in equation (6).

N
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The calibrations for 6 end Aré referred to gbove were conducted
on a test stand prior to installation in the wind tunnel with a calibra-
tion bracket in place of the model. Demping torque was introduced into
the oscillating system by means of & crank arm from a second electro-
magnetic shaker in which the armature was short circulted. The damping
torque, Aré, for a given oscillation velocity was calculated from the
short-circuit current and the armature resistance of the second shaker.
The oscillation amplitude was measured by the angular deflection of the
center line of the calibration bracket and this, with the frequency,
determined the oscillation veloeity, 6. This system provided a conven-
ient experimental means of determining the calibration constants through

the range of desired frequencies and verified the linearity of response
with oscillation smplitude and feedback gain.

It 1s seen that the preceding analysis depends on the condition
that

8 = Bpgy elwt

or that the oscillations are sinusoidal. This requires that the coeffi-
cients in equation (1) remain constant with variations in 6, and in
cases where C + Cmg, varies with 6 this requirement is not satisfied
and the oscillatlons are not completely sinusoidal. If the damping
torque is much smaller than the torques due to elastic and inertis
effects, however, the wave shape of the model oscillation remains practi-
celly sinusoidasl and, since the feedback signal is proportional to the
rate of change of amplitude of the model oscillstion, it is also practl-
cally sinusoidal. Thus, an approximately sinusoidal feedback torque is
used to oppose a nonsinusoidal serodynamic damping torgue. For a steady-
state oscillation the power supplied by the feedback torque must be equal
and opposite to the power supplied by the aerodynamic forces (neglecting
for the moment the mechanical damping effects), and this requires that
the root-mean-square values of the two torques be equal. The resulting
demping-in-pitch coefficient then becomes an equivalent damping-in-pitch
coefficient which results in the same root-mean-square value of torque
being supplied to a sinusoidal oscillation. A rough idea of the error
involved in considering the oscillations to be sinusoidal can be obtained
by comparing the ratio of the equivalent damping torque to the inertia
torque. The maximum value of this ratio was 7.5 percent in the present
case under test conditions where Cmq + Cmg, was not constant with 6.

With regard to the error in the electronic equipment, calculations

show that the magnitude of the feedback signal for a given damping-in-
pitch coefficient is proportional to the frequency, the Reynolds number,
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the oscillation amplitude, and the sbsolute viscosity of air. This is
11llustrated by the expression for the eerodynemic damping moment

po = - _le pVSTE(Cny + Cng) 6 = "i% SC ME(RN)6max (Cmg + Cmg, )e20® (8)

Over the range of Reynolds number, frequency, and oscillation amplitude
at which tests were conducted, there was a variation in feedback-signal
amplitude of approximately 75 to 1 for the same value of damping-in-~
pitch coefficient. The uncertainty in reeding the feedback signal was
estimated to be approximately 0.2 percent of the maximum feedback-signal
value but, when the variation in feedback signal level with operating
condition was considered, the approximate percentage uncertainty in the
damping~in-pitch coefficient for a given test condition became

280, 000, 000
£6max (RN) (Cng, + Cng)

where Opoy 18 measured in degrees. No quantitative eveluation was
made of the error csaused by pickup of stray electrical or mechanical
vibrations in the feedback loop, but the wave shape of the feedback
signal was continuously monitored by means of an oscilloscope and these
effects are believed to result in errors in the dasmping-in-pitch coef-
ficlent of less than 5 percent.

Percentage uncertalnty =

X 0.2 percent

Internal deflections of the push rod and torque transmitting
mechanism were found to result in an error in the indicated oscillation
amplijude of less than 5 percent from the mean over the entire operating
range. Thermal effects should not change the calibration but, except
for the vibration pickup, this was not verified experimentally.

Model

The model consisted of a triangular wing with an aspect ratio of 4
combined with a slender, pointed body. This model, the dimensions of
which are shown in figure 2, was also used in the tests reported in
reference 1 over the same Mach number range as the present tests. The
wing sections were the NACA 0006-63 in planes parasllel to the air stream.
The model was constructed of wood over a steel spar, with brass stif-
feners in the wing tips and at the base of the body.

' Model Support System

A preliminary investigation of the vibratlion characteristics of the
model support system revealed a fundamental cantilever vibration mode at
approximately 28 cycles per second. This resonant condition was
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undesirable because the resulting support deflections would introduce =&
second degree of freedom for the model and equation (1) would be invalid.
Attempts to increase the stiffness of the support so that its natural
frequency would be well above the range of operation were unsuccessful
and it did not appear possible to do this without masjor alterations to
the tunnel support. It was found that with a 500-pound weight sus-
pended from the sting by a cable leading out of the test section, the
fundamental cantilever mode became approximetely 9 cps with a heavily
damped higher mode of approximately 35 cps. Data were taken with the
welght removed for.frequencies of 11 and 15 cps and wlth the weight
attached for frequencies of 15, 19, 23, and 27 cps. A photograph of the
model and support with the welght cable attached is shown in figure 3.

Wind Tunnel

These tests were conducted in the Ames 12-foot pressure wind tunnel.
This tunnel is of the variable pressure, closed-return type capable of
attaining sir-stream velocities close to the speed of sound at low
Reynolds numbers, and Reynolds numbers per foot as high as 10,000,000
at low Mach numbers. The turbulence level is very low, approaching that
of free air.

CORRECTIONS TO DATA

Blockage correctione have been evaluasted by the method of reference )3
and applied to the Mach number end the dynamic pressure. The magnitude
of these corrections is illustrated by the correction for a Mach number
of 0.95, for which the uncorrected Mach number was O. o2 and the ratio
of corrected to uncorrected dynamic pressure was 1.007. The estimated
choking Mach number was 0.970.

Corrections for the mechanical damping of the model and oscillator
in the sbsence of aerodynemic forces were made using data from wind-off
tests after each configuration change. The effect of alr damping at a
wind velocity of zero was evalusted by varying the statlic pressure from
14%.7 to 2.5 pounds per square inch asbsolute and was found to be negli-
gible. The magnitudes of the wind-off damping corrections and the experi-
mental scatter are illustrated in figure 4. Also shown in figure L, for
comparative purposes, is the value of p which would result in a damping-
in-pitch coefficient of 1.0 calculated from equation (8) for a Reynolds
number of 1,250,000 and a value of sbsolute vi30051ty corresponding to a
mean tunnel temperature.
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The mechanical damping factor, p,, is shown in figure k to very
considerably with oscillation amplitude and frequency. At the lowest
frequency and for osclllation amplitudes less than approximately 2°, the
mechanical damping was too small to be measured with the test equipment
and is shown to be zero even though some mechanical damping was always
present. At the highest frequency the mechanical demping was of the

same order of magnitude as the aserodynsmic demping. It was also found ——

that the wind-on oecllletion frequencies differed somewhat from the wind-

off frequencies because of changes in the aerodynamic restoring moment

over the range of Mach numbers and engles of attack. This difference in -
frequency varied from a meximum of approximetely 3 cps at the lowest fre-
quency to approximately 1 cpe at the highest frequency.

No correction was maede for the effect of the wind-tunnel walls on
the damping-in-pitch coefficlents. The wind-tunnel-well interference N
effects on dynamic stabildity derivatives have not as yet been established
with certainty; and no correction was available to the author which
included the effects of compressibility.

In reference 5 the possibility 1s suggested that aserodynamic reso-
nance may affect the accuracy of measurement of dynamic stabllity coef-
ficients at certain frequencies corresponding to the natural freguencies
of the transverse oscillations of air in the wind-tunnel test section.
A calculation of this effect was made for the Ames 12-foot wind tunnel
in which the normal modes of the transverse oscillations of air in the
clrculsr test section were considered to be given by the various values
of (reference 6)

J‘n (?‘) = Q n = 0,1,2,3 XX} (9) £

A correction for compressibility on the basis of standing waves similar
10 that 1in reference 5 results in

wR
J! [ L S, = = 10
n < = > 0 n Ofil,2,3 ese ( )

The only value of equation (10) which resulte in resonant frequenciles
which coincide with test freguencies in the range of test Mach numbers

is the least value for n = 1, for which the resonant frequency is 27 cps
at a Mach number of 0.87 and 23 cps at a Mach mumber of 0.90. However,
the oscillation mode at the resonant frequency for n =1 is asymmetrical
about a nodal dismeter through the test section, and the anslysis of ref-
erence 5 lmplies thet where the sources of the disturbance (i.e., the
oscillating model) lie on a nodal diameter, that perticular mode will not
affect the messured results. On this basis it was concluded that aero-
dynamic resonance in the test section would not affect the data of this
report. : T
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RESULTS

Six aerodynamic varisbles were considered for their possible effect
on the magnitude of the damplng-in-pitch coefficient. In addition to
the three varisbles which affect the static characteristics, Mach number,
Reynolds number, and angle of attack, three additional variables which
may affect the dynamic characteristics are oscillation amplitude, oscil-
lation frequency, and the chordwise location of the pitching axis. All
these varisbles were investigated to some extent and the results are
presented in figures 5 through 17 for which sn index 1s presented in
teble I.

DISCUSSICN

Effects of Oscillation Amplitude

An inspection of figures 5 and 6 reveals that at a Reynolds number
of 1,250,000 and an angle of attack of zero the damping-in-pitch coef-
ficlent is essentislly independent of oscillation amplitude st Mach num-
bers legs than 0.92 for all frequencies except the highest. At the lower
frequencies the damping in pitch appears to decrease slightly with increas-
ing emplitude, while at the highest frequency it increases with amplitude.
The dynamicel theory of small oscillations on which most steblility calcu-
lations are based involves the assumption that the various stability
derivatives remain constant with varietions in oscillation amplitude and,
in general, the data at freguencies below 27 cps are in accord with such
an assumption for Mach numbers below 0.92. The scatter in the dats at
Mach numbers of 0.90 and above was caused partly by veriations in tunnel
Mach number and partly by sporadic aerodynamic disturbances of a tran-
sient nature which made the reading of the steady-state-signal values
somewhat uncertain. The data clearly show, however, that at a Mach
mmber between 0.92 end 0.94% the damping-in-pitch coefficient sbruptly
shifts from a negastive (or stable) value toward a positive (or unstable)
value and exhibits a strong dependence on oscillation smplitude. A good
example of the type of varistion under discussion is shown in figure 5(d).
It is interesting to note that the type of variation shown for a Mach
number of 0.95 could result in low-asmplitude steady-state oscillations of
an aircraft in flight vhich, while not necessarily dangerous, might be
obJjectionable for other reasons.

Effects of Mach Number

The curves showing the variation of the damping-in-pitch coefficient
with Mach number (fig. 7) were obtained from the data in figure 5. Theory
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(reference 1) indicates that the damping-in-pitch coefficient becomes
more negative as the Mach number is increased which is verified by these
data for Mach numbers below 0.90. For Mach numbers greater than approx-
imately 0.90, a subsonlc theory would not be expected tc apply. A wind-
tunnel investigation of the static longitudinal characteristics of a
similar model configuration (reference 7) revealed that the drag coef-
ficient begins to rise ebruptly and the meximum lift-drag retio decreases
as the Mach number 1s increased sbove 0.90. This indicates a possible
connectlon between static force~divergence Mach number and the Mach num-
ber at which abrupt changes occur in the damping.

In figure 8 the variation of damping-in-pitch coefficient with Mach
number from the present investigation is shown compared with data obtained
from a free-oscillation test (reference 1) for approximately the same test
conditions. The data agree fairly well and indicate that the two methods
of testing yield comparable results. Also shown in figure 8 is the cal-
culated variastion of + from reference 1 for both the wing alone
and wing-body combination. The theory for the wing alone is an approx-
imate one in which the damping moments caused by 1ift on the wing contain
a correction for aspect ratio but in which the pure moment couple arising
from the effective camber of the wing chord line in pitching motion is
evaluated by simple strip theory. The theory for the body indicates that
itas damping in pitch is small and positive; however, unsteady flow around
the blunt base of the body might result in large effects on the damping
for certain conditions. Nevertheless, although possibly fortuitous, the
theory 1s shown to agree quite well with experimental dats for the condil-
tions represented in figure 8.

Effects of Reynolds Number

e

It was not possible to increase the Reynolds number above 1,250,000
at the high Mach numbers due to model strength limitations; however, it
was possible to reduce the Reynolds number to 550,000 and the results of
this change on the damping-in-pitch coefficient are shown in figure 9.
The data shown in figures 9(a) and 9(b) were taken under the same test
conditions and are presented to i1llustrate the repeatability of data
taken near the beginning of the test program (fig. 9(a)) with that taken
at the conclusion (fig. 9(b)). These date should be compared with that
in figure 5(a) for the same frequency but a higher Reynolds number.
Figure 9(c) should be compared with figure 5(c).

At 8 Reynolds number of 550,000 the damping-in-pitch coefficient
became positive at low oscillation amplitudes for Mach nmumbers greater
than 0.85., At a Mach number of 0.90 oscilletions built up to a steady-
state amplitude of somewhat less then 2° with no externsl torque being
supplied by the oscillator, and increasing the Mach number increased the
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steady=-state amplitude of the undamped ogcillations. This unexpected

variation of damping-in-pitch coefficient with Mach number and oscil-

lation amplitude was repeatable and little affected by frequency. It

was observed at zero angle of attack and at high subsonic Mach numbers
but was not apperent at the other angles of attack at which tests were
conducted.

There 1s a superficisl similarity in the variation of damping-in-
pitch coefficient with oscillation smplitude at the two Reynolds numbers
after the damping becomes unstesble. However, aside from the difference
in Mech number at which instability was encountered in each case, there
was also a difference in the charscter of the oscillations. At the
lower Reynolde number the oscillations were smooth and no difficulty was
experienced in maintaining a constant amplitude, whereas the instability
at the higher Reynolds number was nearly always accompanied by transient
aerodynamic disturbances and sudden variations in steady-state amplitude.

The epplication of roughness at the wing leading edge (fig. 10)
resulted in & variation of damping-in-pitch coefficient with oscillation
amplitude at a Reynolds number of 550,000 which was similar to that
measured at a higher Reynolds number (fig. 5(a)). In view of this it
appears that the instability which occurred at low Reynolds numbers and
high Mach numbers was caused, at least partly, by the interaction of a
shock wave with a laminar boundary layer, and that increased turbulence
in the boundary layer 1ln this case increased the Mach number at which
instability was encountered. Further study of this phenomene is desirsable
particularly for Reynolds numbers higher than were possible in this test.

At low Mach numbers, the result of increassing the Reynolds number
to 6,000,000 was that variations in the damping-in-pitch coefficient
wilth oscillation amplitude and with angle of attack became less (fig. 10).
At zero angle of attack there was practically no effect of scale for
Reynolds numbers between 1,250,000 and 6,000,000 at a Mach number of 0.23.

Effects of Angle of Attack

Figures 12, 13, and 14 summarize a large amount of data on effects
of a variastion in angle of attack. The points shown were taken for an
amplitude of 2° from faired curves of the variation of damping-in-pitch
coefficient with oscillation amplitude. It is apparent that Reynolds
number is & significent variaeble in considering the effect of angle of
attack (fig. 12) and that increasing the Reynolds number above 1,250,000
resulted in smaller variations of demping-in-pitch coefficient with angle
of attack. At high Mach numbers and Reynolds numbers of 550,000
and 1,250,000 (figs. 13 and 1), the demping-in-pitch in most cases
increased from its value at zero angle of attack to a higher value at

P L IR Y 15
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an angle of attack of 4°. As the angle of attack was increased beyond 4°,
the stabllity gradually decreased. During the test it was noted that
this decrease in stability was also accompanied by intermittent aero-
dynemic disturbances which increased in severity as the angle of attack
was increased. The dashed curves in figures 12, 13, and 1k indicate
approximately where the oscillation was completely dominated by these
transient disturbances.

Effects of Frequency

The variation of damping-in-pitch coefficient with reduced frequency
presented in figure 15 was obtained from the data of figure 5. The
reduced frequency is s dimensionless term which relates the oscillation
frequency to the forward velocity and the length of the mean aerodynamic
chord. ~ Geametrically similar aircraft or models oseillating in an air
stream et the same Reynolds number and Mach number would be acted on by
the same force and moment coefficients if the reduced frequencies were
the same, even though the oscillation Pfrequencies were different.

A general trend in the variation of damping coefficient with reduced
frequency is not apparent in figure 15. The data teken at an oscillation
frequency of 19 cps sre largely responsible for the irregular depression
in each cross-plot curve at a different reduced frequency, and the pos=-
sibility exists that some resonant condition in the test aspparatus is
responsible for this. Resonance effects of the model support were inves-
tigated at 15 cps (fig. 16) and were found to be negligible within experi-
mental accuracy. It would be expected that resonance effects at 19 cps
would manifest themselves to some extent at this lower frequency. Reso-’
nance of some part of the model structure would be expected to appear
in the wind-off damping but no effects are appsrent in figure 4. The
data for 19 cps are repeatable (fig. 5(c)) and consistent with other data
at the same frequency (figs. 6 and 12). No explanation can be given for
the type of variation shown in figure 15 although indications are that
aerodynamic effects are not responsible.

In figure T it is shown that for Mach numbers above 0.90 an increase
in frequency resulted in a less drastic variation of damping in pitch
with Mach number. At a frequency of 27 cps the damping-in-pitch coef-
ficlent was negative through the entire Mach number range.

Effects of Pitching Axis Position . : -

A rearward movement of the pitching axis from 0.35 T to 0.45 T is
shown to result in slightly more negative values of damping-in-pitch
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coefficient for Mach numbers above 0.60 {fig. 17). For Mach numbers
below 0.60 there appears to be no significant change in the damping-in-
pitch coefficient for the range of parameters at which tests were con-
ducted.

SUMMARY OF RESULTS

Results of an experimental investigaition of the single-degree-of-
freedom demping in pitch of a model triangular wing and body combination
at subsonic Mach numbers have been summerized as follows:

1. At a Reynolds number of 1,250,000 and an angle of attack of zero,
the damping-in-pitch coefficient became positive for Mach numbers above
approximately 0.9% for all frequencies except the highest at which tests
were conducted.

2. At a Reynolds number of 550,000 and an angle of attack of zero,
the damping-in-pitch coefficient became positive, irndicating instebility,
at low oscillation amplitudes for Mach numbers above 0.85, but the appli-
cation of roughness to the wing increased the Mach number at which insta-
bility was encountered to 0.94. .

3. A varistion in angle of attack from 0° to 19° resulted in large
variations in the damping-in-pitch coefficient at Reynolds numbers
of 550,000 and 1,250,000. Limited date for Reynolds numbers of 3,000,000
and 6,000,000 indicated that these varietions became less as the Reynolds
number was increased. .

k. A variation of oscillation amplitude was found in most cases to
have & large effect on the damping in pitch for the high Mach numbers
at which instebility was encountered. At low Mach numbers, however, the
damping-in-pltch coefficient was essentlally independent of oscillation
amplitude.

5. A genersal trend in the variation of damping coefficlent with
reduced frequency was not apparent for Mach numbers below 0.94, but for
Mach numbers of about 0.94 an increase in frequency resulted in greater
stability.

6. A movement of the pitching axis from 0.35 T to 0.45 T resulted
in only minor changes in the damping-in-pitch coefficient.

Ames Aeronsutical Iaboratory
National Advisory Committee for Aeronsuties
Moffett Field, California
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A0
Figure| Cmg + Cmy Mach Reynolds Angle of Frequency Fitching Other §
number prlgg‘ented v8 number number attack (cps) exle variables =~
(deg) (Xpfe)
5 Omax 0.23 to 0.8% |. 1,250,000 0] 11 to 27 0.35 ———
6 J, | ’ 19 |0.40 and 0.4 —
T M 11 to 27 0.35 ——
8 11 camparison with
e 4 reference 1
9 - Crmnx 0.10 to 0.95 550,000 11 and 19 -—
10 0.85 to 0.93 Vl’ ¥ 11 surface roughness®
11 0.23 1,250,000 to | 0 to 12] 11 and 19 ———
: N 6,000,000 |
i 12 Gg C.10 and 0.23} 550,000 to — —
M u . 6,000,000
13 0.80 to 0.9% 550,000 ——— ——_—
14 A 0.80 to 0.92 | 1,250,000 ——— 11 ——— -
15 5 0.23 to 0.92 | 0 - -
16 a, eand M |0.23 to 0.94 - 15 vibration charac-
teristics of model
. v o support
17 M 0 19 0.35 to 0.45 -—
15 spanwise strip of number 60 carborundum particles, approximately 30-percent particle density, was spplied
from the wing lemding edge to the 0,04-chord point on both upper and lower surfaces, W
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Flgure 3.— Photograph of the model and model—support system. A

500—pound weight wes suspended from the cable shown attached
to the sting. :
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